: The value of the scaling parameter E eff of the temperature dependence for current generated in silicon bulk is investigated for highly irradiated devices.
Introduction
Current and future tracking detectors in high energy particle physics rely on a variety of silicon-based sensors which are exposed to high radiation levels during operation. The resulting radiation damage has significant influence on the sensor characteristics, including an increased leakage current and depletion voltage. These effects result in an increased power dissipation which presents a significant challenge for the design of cooling systems. It is therefore necessary to predict the leakage current of silicon devices after irradiation in dependence on the operational bias voltage and temperature.
The study presented here focuses on the temperature-dependent change of the leakage current in irradiated silicon devices. The effective energy E eff is used as a scaling parameter in the parametrization of the temperature dependence. Published results have been inconclusive on the dependence of E eff on the fluence [1] [2] [3] . Therefore, E eff and its dependence on the applied electric field, fluence, temperature, and annealing are investigated. Section 2 summarizes the theoretical background. The experimental method is described in section 3. The results are presented in section 4, discussed in section 5 and summarized in section 6.
Theoretical background
Semiconductor detectors in high energy physics use pn-junctions with reverse biasing to generate a depleted volume to detect energy deposited in the detector material by traversing charged particles. The leakage current J per area generated in the depleted volume can be written as
with the elementary charge q, the depleted thickness W, the intrinsic carrier concentration n i and the generation lifetime τ g [4] . Two components are assumed to show a strong temperature dependence. The first one is the intrinsic carrier concentration n i with
where T is the temperature, E g is the bandgap energy, k is and the Boltzman constant. According to ref. [5] , the temperature dependence of E g (T) can be linearized as E g (T) = E 0 − αT for the temperature range used in this study with E 0 = 1.206 eV and α = 2.73 × 10 −4 eV/K. The second component with a temperature dependence is the generation lifetime which can be approximated for a specific trap to
3) with the difference between trap level E t and the intrinsic Fermi level E i : ∆ = E t − E i . Using the effective energy E eff = E 0 +2∆, the temperature dependence of the current generated in the depleted bulk can thus be expressed as
Under the common assumption that the leakage current is generated through a mid-gap level, ∆ is minimal and E eff should be close to E 0 [4] .
Methodology

Samples
The samples used, P1,P3,P4 and P5, are n-bulk diodes with a thickness of 250 µm. Their central p + implant with an area of 9 mm 2 is surrounded by guard rings. All samples were irradiated with protons at the IRRAD facility1. Their respective fluences and annealing times are listed in table 1. The diodes were used in previous studies (in case of sample P1 with intentional, monitored annealing). However, unintentional annealing due to handling at room temperature could not be avoided.
1The CERN Proton Irradiation Facility (IRRAD) uses 24 GeV/c protons from the Proton Synchroton. The diodes are glued to a PCB and contacted with wirebonds as shown in figure 1a . The metallized edge of the diode connects via the dicing edge to the n + implant on the backside. Therefore, wirebonds onto the metallized edge are used to apply bias voltage to the n-side of the diode (marked with "1"). For the ground contact, the central implant (marked with "2") and the innermost guard ring (marked with "3") are contacted separately which can be seen in figure 1b. This serves to measure the bulk current I b through the central p + implant to determine E eff as well as the total current I t (including bulk and surface current) to the determine power dissipation. 
Measurements
The difference between I t and I b can be seen in figure 2 for sample P3. I b shows the expected behaviour for bulk current with an increase in leakage current until depletion is reached and a plateau at higher voltages. A steady increase in current at higher voltages can be seen for I t implying significant contributions to the total current by other sources than the bulk. To determine E eff , measurements of current-voltage (I-V) characteristics up to 1000 V at temperatures from −36 • C to 0 • C in steps of 2 • C are used. These measurements are performed inside a climate chamber flushed with dry air. During the measurements, the temperature of the sample is monitored with a Pt-1000 thermal resistor on the PCB close to the diode (marked with '4' in figure 1a) .
Annealing of the diodes is also done in the climate chamber setup in steps equivalent to 30 min at 60 • C. In later stages of the annealing, multiple of these steps are performed immediately after each other.
To regulate temperature, the climate chamber operates in cycles which results in periodically fluctuating temperatures. Long term measurements at a constant temperature and voltage were performed which revealed the periodic changes in the measured leakage current as well as the measured temperature. After correcting for the temperature changes, measurements of the current have a standard deviation of 0.1% from the average. This is due to a phase shift between the changes in the temperature of the thermal resistor and the leakage current of the diode. The periodicity of these cycles is far longer than the time spent at a single voltage during the measurement of an I-V characteristic therefore the measured leakage current cannot be corrected for this effect.
Power limit
Accurate temperature determination during a leakage current measurement is impeded by selfheating, caused by the power dissipation in the diode. This small temperature change is not recognized by the thermal resistor due to the distance to the diode. Therefore, measurements need to be excluded where self heating leads to significant deviations between measured and actual diode temperature. To identify these measurements, a power limit is determined experimentally by measuring the leakage current over time after setting the voltage from 0 V to a target bias voltage without ramping and monitoring the current for 30 min. This is done for bias voltages up to 1000 V at temperatures of 0 • C and −10 • C. If self-heating is present, a slope in the leakage current is expected after the target bias voltage is applied. If this is not observed, it means that the available cooling power is sufficient to suppress this effect and keep the sensor at a stable temperature.
In figure 3 , the slope of a linear fit to the leakage current data in the first 30 s after applying a target voltage is shown as a function of the diode power. To be able to compare the slope at different voltages and temperatures, the slope is normalised to the maximum leakage current during the measurement. A slope above 1% /s is used as an indicator of significant self-heating and consequently the power limit was set to 5 mW.
Results
Determining E eff in dependence of the electric field
E eff is determined following the methodology presented in ref. [6] . Taking the natural logarithm of relation (2.4) and introducing the proportionality factor A specific to the device, its size and the bias voltage, the relation (2.4) can be expressed as
Current-temperature (I-T) characteristics of the bulk current I b are extracted from the I-V measurements at every voltage point. The I-T characteristics are linearized using equation (4.1) and are then fitted by a first order polynomial p1(T) as exemplary shown in figure 4a for sample P3. If the power limit is exceeded at one of the data points, E eff is not determined for that bias voltage step. A clear dependence between the applied bias voltage (and therefore the average electric field in the bulk) and E eff is present for all investigated diodes. Figure 4b shows the typical dependence observed in these measurements: E eff starts at low values (here: around 1.13 eV), increases in a steep slope to its maximum (here: around 1.20 eV) and decreases afterwards. In case of the sample P3 , the maximum is reached at 250 V which is compatible with the full depletion voltage estimated from the onset of the plateau region in the I-V characteristic (see figure 2 ). Similar behaviour is observed for samples P1 and P5. Sample P4 does not reach depletion voltage before the power limit is exceeded.
Dependence on the temperature
A dependence of E eff on the used temperature range was observed during this investigation. To quantify this effect, E eff is determined for different temperature intervals. An interval width of 10 K was chosen to include sufficient data points while keeping the interval width small. In figure 5a , the bias voltage dependency of E eff for multiple of these intervals is shown for the diode P3 before annealing. E eff is the same for all intervals until the voltage with maximum E eff is reached and the E eff values for different intervals diverge and lower temperatures lead to a lower E eff .. This effect is visible for all investigated samples and a similar effect was observed in ref. [1] . This is also shown in figure 5b in the deviations of the fitted polynomial p1(T) from the measured data used to determine E eff . At 150 V, the temperature interval from −36 • C to −6 • C shows values randomly distributed around 0 while at 400 V, the deviations show a clear temperature dependence.
Self-heating can be excluded as cause for this dependence because it would result in a correlation between power dissipation and the onset of this effect. However, the onset appears at similar voltages for all temperature intervals and is not correlated with the power dissipation.
Further investigations use the interval from −30 • C to −20 • C to minimise the temperature dependence.
Dependence on the fluence and annealing
Non-ionising radiation damage in silicon leads to additional defects in the bulk material generating leakage current. Due to this change it is investigated if the observed behaviour alters with the fluence. In figures 6a and 6b, E eff is shown for all investigated samples before annealing and after 1170 min of annealing at 60 • C, respectively. Before annealing, the dependence on the bias voltage is shifted towards higher voltages for higher fluences with P3 (7×10 14 n eq cm −2 ) reaching its maximal E eff at about 200 V, P5 (1 × 10 15 n eq cm −2 ) at 400 V, while P4 (3 × 10 15 n eq cm −2 ) reaches the power limit at 500 V with a steady decline in E eff from around 1.14 eV to 1.12 eV.
The characteristic shape of the curves of P4 and P5 are be shifted to lower voltages after annealing. This effect is also visible in figure 7b for P5 while P3 shows a different behaviour as seen in figure 7a where intermediate annealing steps are shown. For P3, E eff at 200 V increases with annealing up to 420 min and decreases afterwards. At the last measurement at 1800 min of annealing, E eff at 200 V is below its value before annealing and thereby shifting the maximum E eff to 400 V. The maximum difference of E eff in relation to the measurement before annealing is observed to be of the order of 2%.
The diode P5, with a fluence of 1 × 10 15 n eq cm −2 , shows a qualitatively different behaviour than P3: The increasing slope, and therefore the onset of the plateau at 1.19 eV of E eff , shifts to lower voltages with annealing.
After annealing, the sample P4 E eff shows a steady increase from 1.10 eV at 200 V before reaching the power limit above 500 V with E eff being just above 1.14 eV. The sample P1 was only investigated after 1170 min of annealing as shown in figure 6b. The observed behaviour differs from the behaviour seen in P3 with a similar fluence and annealing time. However the exhibited behaviour is similar to the behaviour of P3 at lower annealing times (see figure 7a) . A possible explanation could be undocumented annealing of P3 before the beginning of this study.
Discussion
This study observed a dependence of the temperature scaling factor E eff on the electric field. The investigated samples show values between 1.10 eV and 1.14 eV at the lowest voltages and increasing towards a maximum of 1.19 eV to 1.23 eV. For the samples with fluences up to 1 × 10 15 n eq cm −2 , E eff reaches a plateau compatible with 1.19 ± 0.01 eV at high voltages. The sample with a higher fluence of 3 × 10 15 n eq cm −2 does not reach this plateau before exceeding the power limit.
The progression of the dependence on the electric field with increasing fluence allows to explain lower values of E eff measured for highly irradiated samples in other studies. This can be seen in ref. [2] , where E eff was observed to decrease down to 1.14 eV in samples with high fluences up to 2 × 10 16 n eq cm −2 when averaged over a voltage range up to a 1000 V where no full depletion is expected. In addition to the dependence on the applied electric field, changes with annealing were observed especially pronounced for voltages in the region of assumed full depletion.
A hypothesis presented in ref. [1] is that an active electrically neutral bulk (ENB) contributes to the leakage current: charges generated in the ENB are pulled into the space charge region by an electric field in the ENB. The electric field in the ENB has been observed in charge collection efficiency measurements [7] as well as Edge-TCT-measurements [8] . The amount of charge carried into the space charge region is then hypothesised to have a temperature dependence resulting in a decreased E eff if an active ENB is present. This hypothesis is compatible with results from this study.
Further investigation of these dependencies with more samples and with different fluences and irradiation types could help further understanding of these effects. This would allow selecting better values of E eff to temperature scale the leakage current of irradiated detectors without determining it specifically for each device.
Summary
This study investigates the temperature scaling of leakage current generated in the bulk of proton irradiated silicon diodes with fluences up to 3 × 15 n eq cm −2 .
The scaling parameter E eff was determined in dependence on the applied electric field for applied voltages from 0 V to 1000 V. The measured values of E eff for voltages above full depletion voltage are 1.19 ± 0.01 eV, slightly lower than the value of 1.21 eV [1] measured in previous studies.
This study shows a dependence of E eff on the applied electric field. For the investigated samples, E eff is measured to be as low as 1.10 eV at minimal voltages and increasing until full depletion is reached. This behaviour is affected by annealing.
